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THE ANALYSIS OF COMPOSITE SLABS WITH PROFILED SHEETING
USING A COMPUTER BASED SEMI-EMPIRICAL
PARTIAL INTERACTION APPROACH

by
-Byron J. DANIELS t, David O'LEARy2 and Michel CRISINEL3

SUMMARY
Many factors which are important in the design of typical composite slabs are not incorporated into
present design methods, for example: the behavior of interior spans, supplementary negative or positive
moment reinforcement, anchorages and combined loading cases. To rectify this situation theoretical
research and testing has been carried out on simple and mUlti-span one-way slabs. This paper describes
the results of this research and discusses its potential impact upon design methods.

RESUME
Dans les methodes existantes de dimensionnement des dalles mixtes avec tole profilee, plusieurs
parametres importants ne sont pas consideres, tel que Ie comportement des travees intermediaires,
I'armature supplementaire dans les regions de moment negatif ou positif, I'ancrage sur appuis d'extremite
et la combinaison de plusieurs cas de charges. De maniere it faire progresser les conna.issances dans ce
domaine, un programme de recherche theorique et experimental sur des dalles en travees simples et
continues a ete effectue. Cet article presente les resultats de ces recherches et leurs impacts potentiels
sur les methodes de dimensionnement.

ZUSAMMENFASSUNG
In den bestehenden Bemessungsmethoden fOr Verbunddecken mit Profilblechen sind mehrere, wichtige
Parameter nicht berOcksichtig, zum Beispiel das Verhalten der Mittelfelder und der Zusatzarmierung im
Bereich negativer oder positiver Momente, sowie die Kombinierung verschiedener Lastfalle. Um die
Kenntnisse in diesem Gebiet zu vertiefen, wurde eine Versuchs- und Forschungsprogramm Ober Decken mit
einfacher und durchlaufender Lagerung ausgearbeitel. Der vorliegende Artikel beschreibt die erzielten
Ergebnisse und deren Auswirkungen auf die Bemessungsmethoden.
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INTRODUCTION

Design methods in North America [1, 2] and Europe [3, 4] are based upon tests undertaken in the 1960's
and early 1970's [5]. These recommendations require the testing of full-scale one-way composite slabs.
The predominant failure mode is often due to horizontal debonding. In practice however, few single span
composite slabs are constructed. Slabs are normally mUlti-span, two directional and may have anchorages
at supports. Failure due to horizontal debonding may be expected only on exterior spans without
anchorage.
Recently, an attempt has been made to rationalize the design of composite slabs for inclusion in the
EUROCODE 4, Composite steel-concrete structures [4]. The empirical nature of existing design methods
has lead to confusion when analysing results using existing codes and establishing unified testing
procedures. This reflects the lack of understanding and difficulties experienced in modelling basic behavior
and failure modes. Some progress has been made with a proposed alternative design procedure based upon
partial interaction theory, but it still relies upon the testing of full-scale one-way composite slabs [6].
In Europe, the profile sheeting market is continuing to evolve. Systems that allow greater spans and higher
loads are being developed to remain competitive with other flooring sytems. This has led to the large and
rapidly expanding variety of profiles and shear transfer systems available on the market today (FIGURE
1). Some of these systems bear little resemblence to early profiles. Several experimental systems have
been proposed for use with spans in excess of 6 meters, 20 feet (FIGURE 2).
Design methods based upon a fundamental understanding of composite slabs will hopefully allow for
increases in load carrying capacity due to the presence of adjacent spans, anchorages and two-way action.
In addition, the theoretical basis behind the design method should be clear to the design engineer. To
address this situation research is being conducted at EPFL, steel structures institute, with the following
objectives :
To determine the behavior of the connection between profile and slab and investigate the parameters
which affect its strength and stiffness.
To numerically model the behavior of single or mUlti-span slabs. A data base containing 93 tests on
several different profiles has been established for this comparison.
To separate parameters according to their importance.
To explore alternative design methods.
This paper describes the above mentioned research.

2

EXPERIMENTAL INVESTIGATIONS

Six series of tests were undertaken as described oolow :
Series One. Six simple-span slabs containing three different rib geometries were tested. The objective
was to investigate differences between brittle and ductile slab behavior [7].
Series Two. Eighteen simple-span tests were performed to investigate the influence of load placement,
slab and profile thicknesses for one profile geometry [8].
Series Three. Twenty one specimens were tested to investigate the vertical shear resistance of
composite slabs [8].
Series Four. Based upon the results of the earlier series, a pull-out test was devised to determine the
characteristics of the profile-slab connection [9]. The specimen consists of two single rib widths of
profile placed back to back with an intermediate backing plate (FIGURE 3a). The profiles are bolted to each
other through the backing plate which eliminates lateral movement and simulates the presence of adjacent
ribs. Concrete is poured on both sides of the specimen. An initial force is applied between the concrete and
profile, simulating the weight of the concrete slab. Shear force is gradually increased, thus separating the
profile from the concrete blocks (FIGURE 3b).
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FIGURE 3

Pull-out tests.
a) Specimen geometry.
b) Loading frame.

Todate more than 250 specimens have been tested, including 20 different profile geometries. The influence
of specimen length and externally applied normal force were studied . Results of these tests , when
conducted in ihe prescribed manner, give reasonable estimations of the profile-slab connection due to
frictional and mechanical resistance. Frictional resistance is defined as the resistance to applied shear
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force, proportional to the application of normal force between the profile and concrete. Mechanical
resistance refers to the physical interlocking of concrete and steel sheeting at abrupt changes in geometry
(embossments, for example). Chemical bond strength may not be accurately estimated using this test.
Chemical bond is defined as the adhesion of the cement paste to the steel sheeting. No attempt is made to
eliminate chemical bond by the application of load cycles or oiling of the profile. Such bonding is ignored
when analysing test results.
Series Five. Seventeen composite slabs of one and three spans were tested (10). Slabs were
constructed following typical construction practices. This included concrete design, concreting procedures
and the design of the underlying supports. Based upon previous test results, spans and ~Iab thicknesses
were chosen such that the failure mode of an unanchored one-span specimen would be due to horizontal
shear. Varying degrees of composite behavior were investigated for the same profile: span lengths,
heights, widths, support and load placements were not varied. The simplest slab tested was a single span
without embossments or anchorages. The most complex was a three span slab with embossments,
anchorages and negative moment reinforcement over interior supports (FIGURE 4) .

FIGURE 4

Three span composite slab with embossments, anchorages and negative moment
reinforcement after failure.

Series Six. A push-off test was designed to investigate the behavior of profiled sheeting attached with
anchorages (FIGURE Sa) (10). Two types of anchorage were tested: welded shear studs and shot·fired
shear connectors. Studs are welded through the profile to the underlying beam section. The shot-fired
shear connectors are fixed through the profile into the underlying beam section. Typically push-off tests
are used to determine shear behavior between the slab and the underlying steel section for composite
beams. For these tests, load is transfered between the profile and the slab by the connectors. Due to the
difficulty of applying large compressive loads to the profile at the top of the specimen, a tensile force is
applied at the bottom (FIGURE 5b).
Both types of anchorage are commonly used with profiled sheeting and it is recognised that their presence
has a beneficial effect upon slab behavior: limiting the magnitude of slip along the shear span. The mode of
failure for specimens with welded studs is tearing andlor buckling of the profile near the base of the stud
(FIGURE 6). The concrete slab remained uncracked and shear studs were not visibly deformed. The mode of
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failure for specimens with shot-fired shear connectors is tearing and/or buckling of the profile under the
foot of the connector, near the shot-fired pins (FIGURE 7). The concrete slab remained uncracked and
shear connectors were not visibly deformed.

FIGURE 5

Pull-off specimen.
a) Anchorages.
b) Loading frame.
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FIGURE 6

FIGURE 7

Failure of profiled sheeting with welded shear studs (see first photo bottom of
preceeding page).

Failure of profiled sheeting with shot-fired shear connectors.
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THEORETICAL INVESTIGATIONS

A software tool was written to analyse both the behavior and load carrying capacity of single or multispan one-way composite slabs consisting of two components [10] :
Concrete, with or without reinforcement.
- Profile, either a hot-rolled section or a thin-walled profiled steel sheeting.
Partial interaction is assumed between the two components. A two step non-linear finite element analysis
has been adopted to minimize calculation time while still allowing for both material and connection nonlinearities.

Step-one : Cross-sectional analysis
Two components are defined: reinforced concrete and the profiled sheeting. For each component two
materials may be used : steel and concrete (FIGURE 8). Cross-sectional component behavior was studied
over the entire range of possible solutions using two parameters, normal force and curvature. A limited
number of solutions are stored for future use for each component (FIGURE 9). It is important to note that
both pre and post-maximum moment behavior are modelled. Solutions consist of reducing cross-sectional
components (containing pre-defined geometries and materials) into their numerical equivalents : axial
stiffness, flexural stiffness, centroid and internal moment resistance.
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Profile-slab connection is modelled using the results of the previously mentioned tests: hence the analysis
is semi-empirical. It is recognised that the profile-slab connection may also be modelled. Such a study,
however, deviates from the main objective of this research, to investigate the behavior of the composite
slab itself.

Step-two : Composite slab analysis
Member behavior and strength were estimated using a partial interaction finite element. This implies that
the composite slab is divided along its axis into a number of elements by defining nodal locations. Several
loading cases were analysed, each case consists of permanent and variable loads. Solutions were
determined iteratively due to the non-linear behavior of the connection and of the cross-sectional
components.
Two types of connection behavior are defined, continuous and concentrated. Continuous connection is
present over the entire length of the specimen and is the combination of friction and mechanical
resistances. Continuous connection behavior is normally obtained from pUll-out tests (Series Four).
Concentrated connection is placed uniformly between adjacent nodes simulating the presence of
anchorages, single or grouped. Anchorage behavior is normally obtained from push-off tests (Series Six).
In addition to the previously mentioned partial interaction analysis, behavior is modelled assuming full
interaction between the slab and profile. This analysis includes the same geometric and material
parameters as the previous analysis. Differences between program results are due to the presence of a
partial interaction.

4

COMPARISON OF MODEL PREDICTIONS AND TEST RESULTS

The theoretical models were developed to predict the influence of individual parameters on slab behavior
and load carrying capacity [11]. Perfect correspondence with one-way slab tests is difficult to achieve as
it requires the correct evaluation of several values that are difficult to obtain by direct measurement.
These are the following :
Initial tangent modulus of elasticity of concrete. Tests were performed using concrete cylinders.
Tensile behavior of concrete. Concrete prism bending tests were performed to obtain average values of
the maximum tensile strength. Crack smearing was not employed, this is a conservative estimate of
real concrete tensile behavior.
Compression behavior of the profile. The effective stress-strain behavior of the compression flange
was estimated using profile flexural tests.
Chemical bond between the slab and profile. Chemical bonding was ignored, a conservative estimate.
Differences between nominal and measured dimensions. This is particularly important for slabs not fully
propped during concreting. Average measured values were used.
One-way slab test results reflect the influence of these parameters : test dispersions of 15 % are not
uncommon. Indeed, it may be preferable to eliminate the influence of some of the above parameters (such
as concrete tensile strength and chemical bonding) when analysing the ultimate limit state. Using the above
assumptions lower bound estimates of observed one-way composite slab behavior can be expected. The
same estimations, where applicable, were assumed for the full interaction model. This gives an upper limit
to observed behavior.
Test results and model predictions are shown for four composite slabs. These examples were chosen such
that the profiled sheeting, nominal slab depth, span length and concreting procedure are the same for all
specimens. The degree of partial interaction between slab and profile was varied as follows:
Single span specimen without embossments. The profile was removed from the forming process before
embossments placement.
Single span specimen with embossments.
Single span specimen with embossments and anchorages.
Three span specimen with embossments, with anchorages and additional reinforcement in negative
moment regions.
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Single span composite slabs without embossments (a, b), with embossments (c, d),
with embossments, with anchorages (e, f).
a), c), e) Moment - mid-span deflection.
b), d), f) Moment - end slip.

60

For all comparisons the axes have been non-dimensionalised as follows :
Moments are divided by the full plastic moment of the composite section, Mp , assuming positive
curvature, calculated using first principles.
Midspan displacements, A, are divided by the span length, L.
End slip, y, is divided by the slip at maximum shear force, Ymax, as determined using either pull-out or
push-off tests.

Single span composite slab without embossments
Test behavior remains composite homogeneous elastic to 45 % of the full plastic moment, at which point a
sudden, brittle failure is observed. This behavior corresponds to the full interaction model predictions
(FIGURE 10a). At 45 % of the full plastic moment, the initiation of end slip is observed. Post-maximum
moment carrying capacity does not exceed 30 % of the full plastic moment. Good correspondence is
observed between post-maximum moment test results and the partial interaction model. Maximum moment
is predicted at 30 % of the full plastic moment. Post-maximum moment behavior is governed by the
flexural behavior of the profile. End slips agree well with post-maximum moment test results on the
failure shear span (FIGURE lab).

Single span composite slab with embossments
Test behavior follows the full interaction model to 50 % of the full plastic moment (FIGURE 10c). At this
point end slip initiation is recorded, and member stiffness gradually decreases until maximum load is
reached at 70 % of the full plastic moment. The partial interaction model corresponds with test behavior
to 20 % of the full plastic moment. Between 20 % and failure, predicted at 63 % of the full plastic
moment, deflections are larger than those indicated during testing. The form of both curves and the
magnitude of end slip at failure are similar (FIGURE 10d).
Differences between test results and model predictions are primarly due to the conservative estimate of
concrete tensile stress-strain behavior. For model calculations, no crack smearing was assumed. This is
analogous to assuming that the concrete in tension is unreinforced. Increasing concrete tensile stressstrain behavior results in significant reductions in midspan deflection and increases in predicted failure
moments. Exact tensile behavior is difficult to estimate since the reinforcement (profiled sheeting) is
external and not fully connected.

Single span composite slab with embossments, with anchorages
Test behavior follows the full interaction model to 45 % of the full plastic moment (FIGURE 1De). At this
point end slips are first recorded, member stiffness gradually decreases until maximum load is reached at
92 % of the full plastic moment. The partial interaction model corresponds to test behavior to 20 % of the
full plastic moment. Between 20 % and failure, predicted at 88 % of the full plastic moment, deflections
are larger than those indicated during testing. This difference is again primarly due to the concrete tensile
behavior. Note however that with increasing interaction the influence of concrete tensile strength, ie.
concrete cracking, becomes smaller. As with the previous example, model and test end slips show good
correspondence (FIGU RE 1Of).

Three span composite slab with embossments, with anchorages, with additional
reinforcement in negative moment regions
Moment displacement behavior at midspan, for end spans, is shown (FIGURE 11 a). For this comparison the
full positive plastic moment was calculated using first principles, as for the previous comparisons. The
negative plastic moment, calculated by the the partial interaction model, was used. This specimen best
approximates the one-way behavior of most as-built composite slabs. At 73 % of the full plastic moment
end slips were first measured. Test behavior follows the full interaction model to 80 % of the full plastic
moment. Member stiffness gradually decreases until maximum load is reached at 99 % of the full plastic
moment. The partial interaction model corresponds to test behavior to 30 % of the full plastic moment.
Between 30 % and failure, predicted at 98 % of the full plastic moment, deflections are larger than those
indicated during testing. Differences between observed and predicted midspan deflections are primarily
due to concrete tensile behavior in negative moment regions.
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Slip in negative moment regions significantly modifies the distribution of moments along the span length.
This is illustrated by observing the differences between model predictions with full and partial interaction.
The sudden increase in stiffness predicted by the partial interaction model near failure is due to instability
between adjacent elements with and without negative moment reinforcement when member behavior
becomes highly non-linear.
End slip behaviors are comparable between test and model (FIGURE 11 b).

5

PARAMETRIC ANALYSIS

The full and partial interaction models are used as tools to conduct a study determining the importance of
individual parameters on the behavior of composite slabs. Two goals have been identified :
To confirm the importance of parameters in present design methods and identify important parameters
that are not presently included.
To identify differences between composite slab and composite beam behavior. This will allow the
exploitation of the substantial knowledge base already present for composite beams, for composite
slabs.
This analysis, currently being performed, includes the following parameters
The yield strength of the profiled sheeting.
Concrete compressive strength.
Concrete tensile strength.
Concrete tensile strength and stress-strain behavior (crack smearing model).
Initial compressive modulus of elasticity of concrete.
Strength and stiffness of embossments.
Strength and stiffness of anchorages.
Slab depth.
Loading types and locations.
Negative moment reinforcement.

6

CONCLUSIONS

Single and mUlti-span one-way composite slabs have been investigated theoretically and experimentally. A
standard test has been devised to determine the load-slip behavior of the profile slab interface for most
profiled sheetings marketed today. Further, tests have been performed to determine the load-slip behavior
of anchorages. Two models have been developed for studying the behavior of one-way composite slabs :
'partial and full interaction. Correlation is obtained between full-scale one-way composite slab test results
and partial interaction model results. Behavioral differences between test and partial interaction model
are a result of the conservative choice of parameters chosen for the model. It is hoped that the influence
of individual parameters for composite slabs may be better defined using a parametric analysis.
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